INTRODUCTION
Aging is a fundamental biological process of great interest. Although yeast cells may seem an unlikely model organism to study human aging, insights from the study of yeast replicative lifespan (RLS) , in which the number of daughter cells that one mother produces through budding is determined (Mortimer and Johnston, 1959) , have advanced our understanding of eukaryotic and even mammalian aging (Steinkraus et al., 2008) . Early studies led to the identification of the protein deacetylase encoded by SIR2 as a key modulator of aging, and subsequently Sirtuins have become a major focus of aging research (Guarente, 2011; Kaeberlein et al., 1999; Kennedy et al., 1995) . Additionally, studies in yeast as well as other invertebrates have highlighted the importance of the TOR pathway in aging (Kaeberlein et al., 2005b; Stanfel et al., 2009) . Furthermore, a quantitative comparison of aging genes in yeast and worms has demonstrated with high statistical significance that longevity pathways are conserved between yeast and C. elegans (Smith et al., 2008) , two organisms more divergent than worms are from humans. Hence, there is strong evidence to conclude that the orthologs of other yeast aging genes may influence mammalian aging.
Spinocerebellar ataxia type 7 (SCA7) is an autosomal-dominant neurodegenerative disease resulting from the expansion of a polymorphic and unstable CAG tract in the ataxin-7 gene (David et al., 1997) . In affected individuals, the CAG tract is translated into an abnormally long stretch of glutamine residues in the N terminus of the ataxin-7 protein. When containing a track of 37 or more glutamine residues, polyglutamine-expanded ataxin-7 is not readily degraded, accumulates in protein aggregates, and causes neuronal dysfunction and neuronal cell death in the retina, cerebellum, and associated brainstem structures. This results in blindness, a severe loss of coordination, and ultimately premature death (Lebre and Brice, 2003) . Ataxin-7 is a highly conserved member of the SPT3-TAFII31-GCN5L acetylase (STAGA) complex, one of the major transcriptional coactivator complexes in mammalian cells (Helmlinger et al., 2004; Martinez et al., 2001 ). More specifically, ataxin-7 is a component of the USP22 histone deubiquitinase module (DUBm) of the complex.
Based on limited sequence homology, SGF73 was proposed to be the yeast ortholog of ataxin-7 (Mushegian et al., 2000; Scheel et al., 2003) , and later functional studies demonstrated this to be the case (Mal, 2006) . In the DUBm of the yeast SAGA (Spt-Ada-Gcn5-acetyltransferase) complex, which is analogous to the mammalian STAGA (SPT3-TAFII31-GCN5L acetylase) complex, Sgf73 serves to link the histone deubiquitinase Ubp8 to the rest of the complex (Lee et al., 2009 ). This function has also been proposed for ataxin-7 in mammals, where USP22, the ortholog of Ubp8, possesses H2B deubiquitinase activity (Zhang et al., 2008; Zhao et al., 2008) . Ubp8 deubiquitinates histone H2B-K123 to confer large-scale SAGA-mediated transcriptional changes (Daniel et al., 2004; Henry et al., 2003) .
In an ongoing genome-wide screen for long-lived yeast open reading frame (ORF) deletions, we identified sgf73D as having a dramatically enhanced RLS, on par with the longest-lived single deletions that we found (Sutphin et al., 2012) . Strains lacking other components of the DUBm also have exceptional RLS extension, but those lacking other SAGA components, including the histone acetyltransferase Gcn5, are not long lived. Unexpectedly, lifespan extension in sgf73D and ubp8D depends entirely on SIR2, and further analysis indicates that lifespan extension in strains lacking components of the SAGA deubiquitinase complex occurs through coordinate control of multiple longevity pathways. Sgf73 can also physically interact with Sir2 and Ubp8, a finding replicated in mammals by interaction of USP22 with human SIRT1 (Armour et al., 2013; Lin et al., 2012) , suggesting that altered chromatin-modifying activities in the CNS may contribute to SCA7 neurodegeneration.
RESULTS

SAGA DUBm Components Limit Yeast Replicative Lifespan
As part of an ongoing assessment of the effects of nonessential yeast genes on yeast replicative lifespan, we discovered that the sgf73D strain was one of the longest-lived strains yet identified, extending median and maximum lifespan by 65% and 53%, respectively ( Figure 1A ). SGF73 encodes a protein in the yeast SAGA and SLIK (SAGA-like) complexes, chromatin-modifying machines that control transcription of a large set of genes. These complexes contain at least two enzymatic activities: Gcn5 has histone acetyltransferase activity, and Ubp8 is a histone deubiquitinase that targets the histone H2B-K123 residue. A component of a four-protein DUBm, Sgf73 serves as a linking factor keeping the DUBm connected with the rest of the SAGA or SLIK complex (Lee et al., 2009) . Therefore, we determined the lifespans of the other three components of the DUBm, and found that both sgf11D and ubp8D strains had robust lifespan extension ( Figures 1B and 1C) . Strains lacking the fourth component, SUS1, are not long lived ( Figure S1A ). Sus1 has other functions in addition to its activity in SAGA, which may make its role in yeast RLS unpredictable. Strains lacking both SGF73 and UBP8 have lifespans identical to the SGF73 single deletion, consistent with the prediction that both deletions enhance lifespan by a similar mechanism and cause increased levels of ubiquitinated H2B ( Figure S1B ) (Kö hler et al., 2008) .
We then determined the lifespan of yeast deletions lacking other nonessential components of SAGA ( Figure 1D ; Figure S2 ). For the most part, these strains were either not long lived or had shortened lifespans. Exceptions were chd1D, which encodes a chromodomain protein involved in maintaining chromatin structure during transcription by preventing histone exchange (Smolle et al., 2012) , and spt8D, which encodes a protein unique to the SAGA complex, influencing the TBP-TATA interaction at promoters (Belotserkovskaya et al., 2000) . Interestingly, the gcn5D strain had no detectable effect on RLS. We conclude from these studies that enhanced RLS derives not from reduced SAGA function, but instead from a more specific effect linked to reduced DUBm function or to uncoupling of the acetyltransferase and deubiquitinase sub-complexes.
A primary target for Ubp8-mediated deubiquitination is histone H2B-K123. Monoubiquitination of this residue is mediated by a heterodimeric complex composed of Bre1, an E3 ubiquitin ligase, and Rad6, an E2 ubiquitin-conjugating enzyme. We determined the lifespan of yeast strains lacking BRE1 or RAD6, finding that they were both shortlived ( Figures 1E and 1F ). These data are consistent with the interpretation that replicative lifespan is mediated by H2B-K123 monoubiquitination and that higher levels of ubiquitination lead to enhanced lifespan. It should be noted that Rad6 serves as an E2 ubiquitin-conjugating enzyme for other E3s in addition to Bre1; hence, we cannot rule out the possibility that the short lifespan of rad6D could be attributable to other causes. To test the role of H2B-K123 monoubiquitination more directly, we determined the lifespan of a strain with one integrated copy of a H2BK123R mutation that is refractory to ubiquitination (and one wild-type H2B allele, since the gene is duplicated) (Figure 1G) . Interestingly, this mutant was short-lived relative to a wild-type control, again consistent with an association of ubiquitination at H2B-K123 with enhanced longevity.
In addition to Ubp8, Ubp10 can also deubiquitinate histone H2B-K123 at alternative sites in the genome (Schulze et al., 2011) . Therefore, we determined whether an ubp10D mutant would also exhibit enhanced lifespan. Instead, lifespan was reduced in this strain ( Figure S3 ). This finding suggests that increased H2B-K123 ubiquitination at the sites normally regulated by Ubp8 and not Ubp10 mediates lifespan extension (Emre et al., 2005) .
Lifespan Extension by sgf73D or ubp8D Is SAGA Dependent but Not SLIK Dependent To further delineate the link between SAGA function and longevity, we performed epistasis studies to determine whether non-DUBm components of the SAGA complex are required for lifespan extension associated with sgf73D and ubp8D. For genes encoding most components of the complex, including strains such as gcn5D (Figure 2A ), loss of SGF73 not only fails to lengthen lifespan but also shortens it significantly. These findings are specific for SAGA components, as loss of other nuclear transcription factors, such as Gcn4 ( Figure 2B ), which blocks the lifespan extension of other long-lived mutants, and Hap4 (Figure 2C) , has no impact on lifespan extension in sgf73D cells (Steffen et al., 2008) .
Our data indicate that loss of SAGA components reverses the longevity benefits of sgf73D; in other words, loss of DUBm components shortens the lifespan of strains lacking SAGA components rather than lengthening them. We wanted to determine whether this effect was specific to SAGA or SLIK, both of which contain Gcn5. Therefore, we conducted a series of experiments to distinguish between the two complexes by using genetic approaches known to specifically disrupt each complex. First, we determined whether Spt8, a component of SAGA and not SLIK, was required for lifespan extension in sgf73D or ubp8D, finding that lifespan effects were reversed in this genetic background in a manner similar to that of gcn5D (Figures 3A and 3B) . Second, we determined the consequences of deletion of PEP4, which encodes an endopeptidase that cleaves full-length Spt7 (associated with SAGA) into a smaller truncated form that associates specifically with SLIK (Spedale et al., 2010) . In contrast to the findings with SPT8, both the sgf73D pep4D and ubp8D pep4D strains retained a long lifespan (Figures 3C and 3D) . Together, these findings indicate that lifespan extension by loss of DUBm components requires an otherwise intact SAGA complex, but not SLIK complex. To confirm this, we also checked the effects of deleting RTG2, another SLIK-specific component that is of particular interest, because it is linked to the retrograde response that communicates mitochondrial stress signals to the nucleus to evoke transcriptional responses. This pathway has been linked to RLS regulation in other contexts (Jazwinski, 2005). However, we found similar results to those in The SAGA-specific component SPT8 is necessary for the extended RLS of (A) sgf73D and (B) ubp8D, while neither PEP4, the protease necessary for processing of the SLIK-specific form of Spt7 (C, D), nor SLIK-specific component RTG2 (E) are necessary. Legends show mean RLS and number of mother cells scored. See also Figure S4 . the pep4D strain: loss of SGF73 still resulted in lifespan extension to a comparable extent ( Figure 3E ). As expected, rtg2D alone was slightly short-lived in this strain background, as previously reported (Kaeberlein et al., 2005a) . Two other components of retrograde signaling, RTG1 and RTG3, are also not required for lifespan extension by sgf73D ( Figure S4 ). These findings indicate that the integrity of the rest of the SAGA complex is required for lifespan extension by loss of deubiquitinase components.
The Increased RLS of sgf73D and ubp8D Requires SIR2 To explore the mechanism of DUBm-deficient lifespan extension, we performed epistasis analysis using several known lifespan-modulating genes. First, we determined whether sgf73D functions through the Sir2 longevity pathway by deleting SGF73 or UBP8 in a sir2D background. Strains lacking SIR2 are very short-lived, due to ERC accumulation and possibly other SIR2-dependent mechanisms (Kaeberlein et al., 1999) . Previous studies reported that other aging pathways do not make a significant contribution in the sir2D background; hence, genetic interventions that modulate these pathways no longer extend lifespan (Kaeberlein et al., 2004) . We found a similar result for sgf73D and ubp8D, with these deletions failing to extend the sir2D lifespan ( Figures 4A and 4B ). However, this finding is difficult to interpret. Whereas loss of SIR2 may indeed be epistatic to loss of SGF73 and UBP8, more often we have found that longevity interventions that fail to extend RLS in the sir2D background retain their ability to do so in sir2D fob1D strains (Delaney et al., 2011; Kaeberlein et al., 2004) , which have a RLS similar to wild-type strains, most likely due to the suppressive effect of fob1D on ERC formation (Defossez et al., 1999; Kaeberlein et al., 1999 ). Thus, it was possible that sgf73D and ubp8D strains would be long lived in a sir2D fob1D background. However, neither loss of SGF73 nor loss of UBP8 affected longevity in the sir2D fob1D background ( Figures 4C and 4D ). These findings are consistent with a model in which deletion of components of the DUBm influences aging by enhancing or altering Sir2 function. One surprising facet of this series of experiments is that the replicative lifespan of either sgf73D or ubp8D far surpasses the extension observed by overexpression of SIR2 or deletion of FOB1 ( Figure S5 ) (Defossez et al., 1999; Kaeberlein et al., 1999) . A possibility is that overexpression of SIR2 and deletion of UBP8 might lead to lifespan extension by at least partially independent mechanisms, both of which are apparent in the sgf73D strain.
We also considered the alternate possibility that activity of the SAGA complex in the sir2D fob1D strain may counteract the longevity benefits associated with disrupting the deubiquitinase module. One way to think about this would be that unchecked Gcn5 acetyltransferase activity, when Sir2 is not there to compete, may have a negative impact on longevity that is independent of the benefits of the sgf73D strain. However, this appears not to be the case, as the sgf73D sir2D fob1D spt8D strain is not long lived, as is the case with sgf73D sir2D fob1D (Figure S6A) . Therefore, we favor a model whereby loss of SGF73 leads to enhanced Sir2 activity.
Sgf73 Regulates Telomere Silencing and rDNA Recombination
We reasoned that lifespan extension in strains lacking SGF73 could be due, at least in part, to enhanced Sir2 function at regions linked to longevity. Since increased Sir2 expression is linked to lifespan extension, one simple model would be that Sir2 levels are elevated in the sgf73D strain. However, we did not detect any difference in Sir2 expression in this strain (Figure 5A) . Therefore, we turned to regions of the genome where Sir2 function is associated with longevity: rDNA and telomeres (Dang et al., 2009; Kaeberlein et al., 1999) . Interestingly, a subset of SAGA components, but not Gcn5, is required for Sir2-dependent silencing at both loci (Gottlieb and Esposito, 1989; Jacobson and Pillus, 2009) .
The rDNA locus contains between 100 and 200 nine-kb repeats. Recombination within the repeats leads to production of extrachromosomal rDNA circles (ERCs) (Sinclair and Guarente, 1997) , which can replicate due to the presence of an autonomously replicating sequence (ARS) element, but fail to segregate to daughter cells because they lack centromeric sequences. Accumulation of ERCs in mother cells is one factor that promotes aging (Sinclair and Guarente, 1997) , possibly through competition for replication factors in other regions of the genome (Kwan et al., 2013) . Sir2 suppresses recombination within repeats, leading to fewer ERCs and longer lifespan (Gottlieb and Esposito, 1989; Kaeberlein et al., 1999) . Loss of the SAGA component Ada2 leads to reduced silencing at both telomeres and rDNA (Jacobson and Pillus, 2009) , similar to loss of SIR2 (Aparicio et al., 1991; Smith and Boeke, 1997) . In these studies, rDNA recombination was not tested and other SAGA components have not been assessed for rDNA silencing. We tested whether the sgf73D strain had reduced rDNA recombination using a standard assay whereby the ADE2 gene is inserted in one repeat and recombination is tracked by the frequency of red/white half-sectored colonies; daughter cells do not receive the ADE2 locus when it is contained on an ERC. We found that rDNA-dependent recombination is dramatically reduced in the sgf73D strain, consistent with enhanced Sir2 function ( Figure 5B ). By examining double mutants lacking both SGF73 and SIR2, we were able to ascertain that rDNA recombination remains high, although perhaps slightly lower than in the sir2D strain alone ( Figure S6B ). These findings indicate that whereas Ada2 is required for Sir2 function at the rDNA locus, Sgf73 counteracts Sir2 function and loss of Sgf73 enhances repression of rDNA recombination. We conclude that this phenotype contributes to the mechanism by which the sgf73D strain is long lived.
Sir2 silences reporter genes placed near telomeres (Aparicio et al., 1991) . However, its effect on endogenous genes in these locations has to date been evaluated most thoroughly for YFR057W, where there is a clear requirement for SIR2 (VegaPalas et al., 2000) . The deacetylase activity of Sir2 is required for silencing of this gene (Xu et al., 2007) . Interestingly, disruption of SAGA components also affects expression of both reporter genes and YFR057W in a manner that indicates a complex interaction with Sir2. Loss of core SAGA components, ADA2 and ADA3, leads to disruption of silencing of both URA3 placed near the telomere of chromosome VIIL and ADE2 near the telomere of chromosome VR (Jacobson and Pillus, 2009) ; however, components of the deubiquitinase module have not been assessed. We tested silencing of both URA3 and YFR057W in a strain lacking SGF73, finding discordant results. Silencing of the URA3 locus occurs in a discrete and semiheritable manner, with some of the cells and their progeny expressing the gene and other cells silencing it. We evaluated silencing of the URA3 reporter locus in a strain lacking SGF73 in two ways: (1) by spotting cell dilutions on plates either lacking uracil, where URA3 expression is required for growth, and (2) on plates containing 5-FOA, where URA3 expression is toxic. In wild-type cells, approximately half of the cells grow on each condition, and in the sir2D background, nearly all cells grow in the absence of uracil ( Figure 5C ). In contrast, sgf73D cells grow on 5-FOA but largely fail to grow on plates lacking uracil, indicating increased silencing. However, RT-PCR analysis of sgf73D cells indicates reduced silencing of YFR057W ( Figure 5D ). Thus, our findings demonstrate that the effects of the sgf73D strain on silencing of the endogenous locus are distinct from those of core SAGA components with respect to the reporter gene. This discrepancy is not unprecedented, as prior studies indicate that mutants can have opposing effects on genes located near different telomeres and there can be complex effects with different reporter genes (Fourel et al., 1999; Pryde and Louis, 1999; Rossmann et al., 2011; Vega-Palas et al., 1997; Wyrick et al., 1999 ).
Sir2 Interacts with Sgf73
Based upon our findings of altered SIR2-dependent properties in the sgf73D yeast and the dependence on SIR2 for sgf73D RLS extension, we explored additional potential connections between Sgf73 and Sir2. Evidence exists in mammalian cells for an interaction between the ortholog of SIR2, SIRT1, and the ortholog of UBP8, USP22 (Armour et al., 2013; Lin et al., 2012) . This suggests that (1) Sir2 may interact with DUBm components in yeast and that (2) the functional interactions between the deacetylase and the deubiquitinase components may be deeply conserved. We tested whether Sir2 interacted with Sgf73 in yeast, finding evidence of an interaction by two different assays. First, we examined the interaction in vitro by mixing yeast lysates expressing an endogenously tagged Sgf73-GFP with purified recombinant GST-tagged Sir2 protein. Immunoprecipitation of Sir2 by glutathione Sepharose was sufficient to recover Sgf73-GFP, upon immunoblot analysis of the precipitated material ( Figure 6A ). There is a nonspecific band that is reactive to anti-GFP, which is present in the WT input lanes but is not immunoprecipitated. An enzymatically dead Sir2-R139K mutant protein also retained the capacity to interact with Sgf73-GFP, indicating that the deacetylase activity of Sir2 is not required for interaction. In a second experiment, we detected an in vivo interaction between Sgf73-GFP and endogenous Sir2 by coimmunoprecipitation of Sgf73-GFP, as well as between an endogenously tagged Sir2-GFP and endogenously tagged Sgf73-Myc by coimmunoprecipitation of Sir2-GFP ( Figures 6B  and 6C ). Altogether, these experiments indicate an interaction between Sir2 and the DUBm of SAGA in yeast and provide evidence for the deeply conserved nature of the interaction, which has also been detected in mammalian cells.
DISCUSSION
In this study, we report that deletion of SGF73, the yeast ortholog of human ataxin-7, the causal gene in SCA7, results in one of the longest-lived mutant strains observed to date. Sgf73 is a transcriptional adaptor, serving as the linking factor that connects the core SAGA complex to the Ubp8 histone deubiquitinase module of the complex. Strains lacking the other DUBm components, encoded by UBP8 and SGF11, are also dramatically long lived, whereas strains lacking GCN5 or other core SAGA components have either normal or shortened replicative lifespans. Strikingly, lifespan extension by loss of DUBm components requires SIR2, suggesting that DUBm mutants enhance (A) Interaction of recombinant Sir2-GST and Sgf73-GFP in the presence and absence of Sir2. Immunoprecipitation was done with glutathione beads coupled to either GST tagged Sir2, GST tagged enzymatically dead Sir2R319K, or GST, and western blot was probed with anti-GFP. (B) Interaction of endogenous Sir2 and Sgf73-GFP. Immunoprecipitation was performed with anti-GFP, and western blots were probed with antiSir2.
Sir2 function. This view is somewhat nuanced by the observation that the sgf73D mutant has a much longer replicative lifespan than either strains lacking FOB1 or those overexpressing SIR2. From our studies and other reports describing their enzymatic activities, we propose that the extremely long lifespan of sgf73D is due to the contributions of multiple downstream pathways. The likelihood of involvement of each regulatory pathway is discussed below.
The foremost activity of Sir2 linked to extended RLS is repression of rDNA recombination. We find that a sgf73D strain has reduced rDNA recombination, consistent with enhanced longevity. A recent study indicates that polymorphisms in the ARS element, which is present in each rDNA repeat, can affect longevity (Kwan et al., 2013) . A strong ARS element in the rDNA, possibly in combination with enhanced numbers of ERCs, competes with replication origins in other sites in the genome, leading to replication stress. In support of this idea, Ubp8 has been identified as the deubiquitinase responsible for removing ubiquitin linkages on histone H2B-K123 in newly assembled histone octamers that are generated on replicated DNA. Strains lacking Bre1, the E3 ligase for H2B-K123, have reduced H2B-K123 ubiquitination. This leads to reduced assembly or stability of nucleosomes around newly replicated DNA, which slows fork progression, thereby resulting in replication stress (Trujillo and Osley, 2012) . In contrast, ubp8D strains have increased nucleosome deposition and improved replication fork progression. In the context of old cells, where replication stress may be a key component contributing to aging, the ubp8D and sgf73D strains may be long lived not only because they reduce ERC formation but also because they promote replication fork progression.
Understanding the role of telomere-proximal genes is more complicated. Although Sir2 activity in these regions has also been linked to longevity, we find that the sgf73D strain has enhanced silencing of a telomere-proximal reporter gene at chromosome VIIL but reduced repression of an endogenous gene clearly linked to Sir2-dependent silencing, YFR075W, located on chromosome VIR. This suggests that Sgf73 has a context-dependent effect on silencing of genes near telomeres, as observed for other genes at other natural telomeres (Fourel et al., 1999; Pryde and Louis, 1999; Vega-Palas et al., 1997 Wyrick et al., 1999) . Future studies of telomeres with different genomic composition and structural features will clarify whether these effects are linked to aging. In addition, given that SAGA and Sgf73 have roles in heterochromatin-euchromatin barrier formation (Oki et al., 2004) , with the C terminus of the Sgf73 subunit of SAGA and SLIK important for retention of the larger complex and for heterochromatin boundary function (Kamata et al., 2013) , it will be important to better understand the role of the DUBm in the context of the greater complex.
Finally, recent studies have linked SAGA activity to coordination of different metabolic phases of yeast growth in culture (Cai et al., 2011) . This occurs through control of transcription, in part through H3K9 acetylation. Interestingly, SAGA has a direct role in regulating expression of ribosomal protein genes in a manner dependent on the transcription factor Ifh1 (Cai et al., 2013; Downey et al., 2013) . Ribosomal protein gene deletions are highly enriched among long-lived mutants in yeast (Mehta et al., 2010) . Thus, another potential link to enhanced longevity in DUBm mutants may be through reduced ribosome biogenesis. In summary, multiple mechanisms are likely to explain the extremely long lifespan of sgf73D and ubp8D strains, and further experimentation will be required to unravel the relative contribution of each component.
The discovery of the marked replicative lifespan extension in sgf73D mutants, together with the demonstration that the sgf73D strain lifespan extension phenotype stems from enhanced Sir2 function in combination with reduced Ubp8 function, may have important implications for the normal function of the mammalian Sgf73 ortholog, ataxin-7. ataxin-7 was originally discovered as the causal gene in a dominantly inherited neurodegenerative disorder, known as spinocerebellar ataxia type 7 (SCA7) (David et al., 1997) . Patients with SCA7 exhibit cerebellar and retinal degeneration, display CAG repeat expansions within the coding regions of their ataxin-7 genes, and produce mutant ataxin-7 protein containing expanded polyglutamine tracts ranging in size from 37 to >400 glutamines. SCA7 is thus one member of a family of nine CAG-polyglutamine diseases and belongs to a large class of neurodegenerative disorders, including Alzheimer's and Parkinson's diseases. These ''neurodegenerative proteinopathies'' result from the production of misfolded proteins (La Spada and Taylor, 2010) .
In the case of SCA7, polyglutamine-expanded ataxin-7 promotes transcriptional interference to produce neuropathology, as the mutant ataxin-7 protein localizes to the nucleus, where it disrupts transcription factor function (Holmberg et al., 1998; Kaytor et al., 1999; La Spada et al., 2001) . Unbiased mass spectrometry analysis of the STAGA complex yielded ataxin-7 as a core STAGA complex component, and further studies determined that polyglutamine-expanded ataxin-7 interferes with the GCN5-dependent histone acetyltransferase activity of the STAGA complex to impair STAGA-dependent transactivation (Palhan et al., 2005) . Although polyglutamine-expanded ataxin-7 exhibits gain-of-function toxicity due to a proteotoxicity effect, the discovery of altered STAGA function in SCA7 mutant mice indicated a role for altered ataxin-7 protein function in SCA7 disease pathogenesis. Hence, SCA7-dependent neurodegeneration may result from divergent effects of mutant ataxin-7 protein on the activities of interacting proteins in the context of the STAGA complex, akin to polyglutamine-expanded ataxin-1 effects on its protein complex partners in SCA1 (Zoghbi and Orr, 2009) .
As the Ubp8 ortholog USP22 was recently shown to interact with, deubiquitinate, and stabilize the Sir2 ortholog Sirt1 (Lin et al., 2012) , and conversely because Sirt1 has been shown to mediate deacetylation of USP22 and the SAGA coactivator complex (Armour et al., 2013) , the discovery of genetic and functional relationships among Sgf73, Ubp8, and Sir2 in yeast strongly suggests that mutant ataxin-7 protein could be impairing the function of not only Gcn5 in the context of the STAGA complex but also USP22 in the deubiquitinase module. Given the recent proposed linkage between USP22 and Sirt1, our findings predict that polyglutamine-expanded ataxin-7 could interfere with the normal function of both USP22 and SIRT1 in neurons. Indeed, whether and how ataxin-7 affects pathways of mammalian aging relevant to neural function and neuroprotection will be key questions for future studies, with implications for both SCA7 disease pathogenesis and therapy development and for a deeper understanding of the biology of aging in mammals.
EXPERIMENTAL PROCEDURES Strains and Media
All yeast strains were derived from the parent strains of the haploid yeast ORF deletion collections (Winzeler et al., 1999) , BY4742 (MATa his3D1 leu2D0 lys2D0 ura3D0) and BY4741 (MATa his3D1 leu2D0 met15D0 ura3D0). sgf73D was reconstructed by deleting SGF73 via homologous recombination of a selectable URA3 marker in the deletion collection wild-type BY strain using standard PCR-mediated gene disruption, and this parent was used to generate all sgf73D containing double and triple mutants. SIR2OE (overexpression) strains contain a second integrated copy of SIR2 under the control of its endogenous promoter. RGY43 was a gift of Richard Gardner. Cells were grown on standard YPD containing 1% yeast extract, 2% peptone, and 2% glucose.
Replicative Lifespan RLS assays were performed as described previously . Survival curves are pooled data from multiple experiments with accompanying experiment-matched controls, with mean RLS and number of mother cells scored shown for each curve. p values for RLS survival curve comparisons were calculated with a Wilcoxon rank-sum test (Wilcoxon, 1946) . KaplanMeier survival curves (Kaplan and Meier, 1958) were plotted with Prism (GraphPad).
Yeast Interaction Studies
Yeast lysis Standard yeast glass bead lysis protocol was followed. Briefly, yeast were grown to an absorbance at 600 nm (A 600 ) of 0.8 and lysed in 50 mM HEPES (pH 7.5), 0.1 M NaCl, 0.5% Np40, 10% glycerol, and 1 mM EDTA, with protease inhibitors including phenylmethylsulfonylfluoride (PMSF). Lysates were precleared with 10 ml of protein A/G (Dynabeads, Life Technologies) magnetic beads at 4 C for one hour. Strains All tagged protein strains used were endogenously tagged with either GFP or 13Myc. Tagged strains were demonstrated to be functional by mating for tagged Sir2 and by checking cycloheximide resistance for tagged Sgf73. Recombinant Protein Purification BL21 cells were transformed with one of three plasmids (Sir2-GST, Sir2-R139K-GST, or GST empty vector). A 100 ml culture was grown to A 600 0.6 and isopropyl b-D-1-thiogalactopyranoside was added to a final concentration of 0.5 mM. The culture was then incubated with shaking at room temperature for 4 hr. Cells were collected and lysed (20 mM Tris [pH 8], 1 mM EDTA, 1 mM EGTA, 1% NP-40, 350 mM NaCl, 10 mM dithiothreitol, protease inhibitors [Roche 04693124001], PMSF, and 200 mg/ml lysozyme) for 30 min on ice, sonicated three times for 1 min with 5 s on/0.5 s off cycles, and then spun at 4 C for 20 min. Glutathione agarose was prepared and added to the bacterial lysates and incubated at 4 C for 1 hr. Immunoprecipitation In vitro, conjugated beads were added to prepared yeast lysates and rotated at 4 C overnight. Beads were washed twice with yeast lysis buffer and twice with immunoprecipitation (IP) wash buffer (50 mM HEPES [pH 7.5], 150 mM NaCl, 1 mM EDTA). Proteins were analyzed by western blot; 2.5% of input was loaded, 12.5% of bound material was loaded. In vivo, anti-GFP (living colors JL8 632381) was added to yeast lysates and rotated at 4 C overnight, and 50 ml of protein A/G beads was then added and the sample rotated for 1 hr at 4 C. Beads were washed twice with lysis buffer and twice with wash buffer.
For Sgf73-GFP IP 2% of input and unbound, and 30% of bound material was loaded, for Sir2-GFP IP 1.25% of input and unbound, and 100% of bound material was loaded. Protein was analyzed via immunoblotting. Immunoblot Standard SDS-PAGE was used to separate proteins on 4%-12% gels. After transfer to nitrocellulose, membrane was blocked with 5% milk and incubated with either anti-GFP (living colors JL8 632381) or anti-Sir2 (Garcia and Pillus, 2002) . 
SUPPLEMENTAL INFORMATION
